Field experiments in the semi-arid regions of Kenya have shown that soil water conservation techniques can result in increased maize grain yields. The degree of benefit in a particular season is dependant on the rainfall amount and distribution. However, the results of field experiments are limited to a few years of observations at specific locations and it is therefore difficult to make generalized conclusions about the benefits in years of differing rainfall patterns.
The PARCH model has been calibrated for Katumani Composite 'B'-a local variety of maize used in the Machakos district of Kenya-and validated against observed grain and dry matter yields from experimental plots. Historical daily rainfall data were collected for Katumani Research Station, in the semi-arid region of Kenya, during the period 1961 to 1994. Seasonal totals for the short rains (October to February) and long rains (February to August) were calculated and nine years were selected as representative of 'wet', 'average' and 'dry' seasons for the long and short rains, respectively.
The PARCH model was then used to simulate the maize grain yield under three soil water conservation scenarios: (i) a typical situation where 30% of rainfall above a 15 mm threshold is lost as runoff, (ii) runoff control, where all rainfall infiltrates, and (iii) runoff harvesting, which results in 60% extra 'rainfall' for rains above 15 mm. The soil was taken to be a sandy clay loam which is typically found in the region. Two planting densities of 4·4 and 8)8 plants m\ were used to simulate normal and high levels of management. Planting dates were determined from the 30% runoff scenario and were fixed for the other scenarios to avoid confounding the results.
The results showed that runoff control and runoff harvesting produce significant yield increases in 'average' years in both the long rains and the short rains. However, in 'dry' years there were only small yield increases in the short rains and negligible benefit in the long rains. In 'wet' years there were no significant yield increases due to water conservation in either season.
Clearly, these results are a simplification of the real situation where water conservation strategies may allow earlier planting or be accompanied by increased planting densities, both of which may result in yield increases. However, this work demonstrates the usefulness of appropriate crop growth models *(E-mail: t.hess@cranfield.ac.uk).
in evaluating a wider range of crop management strategies under a realistic range of climatic conditions than would be possible in the field.
Introduction
In arid and semi-arid regions, variability in rainfall amount and timing during the growing season is often the primary determinant of crop yield. Consequently, any field research programme aimed at quantifying the yield response to management factors must run for a very long period to ensure that the results are representative. Even then, interpreting differences in growth and yield between years can be difficult and generally results in a crude relationship with seasonal rainfall being developed (Jones, 1987) , or in average responses being reported. If experiments are only conducted for short periods then the results obtained are difficult to relate to other years (Critchley, 1989; Kiome & Stocking, 1993) and may result in misleading recommendations to farmers.
It is in this context that mechanistic crop models are perhaps most useful. They offer the opportunity for researchers to evaluate the potential yield under the weather conditions experienced over many years and can help to identify the range of likely responses to management interventions. For farmers, the use of a model can help to identify the probability of occurrence of yield responses sufficient to justify the adoption of a new or improved technology.
In semi-arid areas, soil and water conservation techniques aimed at preventing runoff, or harvesting runoff from unplanted areas have long been proposed as key management techniques to increase yields and reduce year-to-year variability. This paper uses the Machakos area of Kenya as a case study to investigate the effect of water conservation and runoff harvesting on the yield of maize grown at two population densities in the short and the long rainy seasons of nine years chosen to represent average, wet and dry conditions.
The PARCH model
The PARCH model (Predicting Arable Resource Capture in Hostile environments) (Hess et al., 1997) uses a daily time step for the simulation of crop growth. On each day, the resources of light and water are intercepted or extracted and converted into assimilated dry matter. A fixed water use efficiency per unit saturation deficit is used to convert abstracted water into dry matter and to calculate the water uptake required to allow the light-limited growth. The daily dry matter production is taken to be the minimum of the two calculated values and growth is considered as either light-or water-limited. An index of crop stress is then calculated in terms of the ratio of light to water-limited growth. This stress index is then used to control a number of the crop's stress responses, such as leaf rolling or increased partitioning to roots .
Partitioning of resources between crop organs is adjusted according to growth stage and level of stress. Resources partitioned to the leaf canopy and root system add to leaf area and root length thereby feeding back into subsequent calculations for light interception and water uptake. A multi-layer water balance simulates vertical redistribution of soil water, infiltration, drainage and soil evaporation . 
Data collection

Weather data
Daily rainfall data were collected for the National Dryland Farming Research Centre at Katumani (1 ) 583 S, 14 ) 233 E, alt. 1601 m) for the years 1961 to 1994, and seasonal totals were calculated for the short rains (1 September}28 February) and the long rains (1 February}31 August). Note that rainfall in February could be late rain in the short season or early rain in the long season. Linear regression of seasonal rainfall total on year did not reveal a linear trend for either the short or the long rains. As the rainfall totals for both seasons approximated to a normal distribution, the seasonal rainfall totals with 20, 50 and 80% probabilities of exceedance were calculated from the mean and standard deviations of the seasonal totals. These were taken as representative of 'wet', 'average' and 'dry' totals, respectively. For both long and short rain seasons, the three years closest to the selected probability of exceedance were selected as being representative of each type of season (Table 1) . Daily data for the other weather parameters required by the PARCH model were only available for a limited number of years, therefore long-term monthly average data were used for all seasons (Table 2) . Year-to-year variability in these weather parameters is much less than in rainfall and therefore has less influence on variability in yield. In addition, temperature and solar radiation are not the main factors limiting yields, so the model is less sensitive to variability in these factors.
Crop data
The PARCH model was originally developed for sorghum. However, by modifying the cultivar parameters it is possible to simulate other tropical grain crops. Various sources were used to obtain cultivar-specific parameters for Katumani Composite 'B' Maize (Hess & Stephens, 1994 ). The calibrated cultivar was then validated against observed yields from existing field trials (Mahuka, 1995) . Grain yields were collated for 17 
*Saturation deficit was weighted to reflect mean daytime saturation deficit.
experimental treatments in the period 1982 to 1993. These experiments covered seasonal rainfall totals between 250 and 700 mm (average 400 mm) from both long and short rains, with plant densities of between 2 and 6)4 plants m\. The mean bias error for the predicted grain yield was 0)02 t ha\ which was less than the unit of resolution (0)1 t ha\) indicating that the average yield prediction across the range of treatments and seasons was very good. However, Fig. 1 shows that there was considerable scatter in individual predictions. For the purposes of this study, two plant population densities (4)4 and 8)8 plants m\) were selected to investigate whether similar responses to runoff control and water harvesting were found. The lower density is typically used by small farmers in the Machakos region (Nadar, 1987) whereas the higher density is representative of improved farming systems. In order to restrict the number of factors considered, nutrients were assumed not to limit dry matter production at either plant population level.
Soil data
A sandy clay loam soil at Katumani was selected for use in the simulation. Soil physical data were taken from local literature (Kilewe & Ulsaker, 1984) and saturated hydraulic conductivity was estimated from soil texture and dry bulk density using the method of Campbell (1985) . The simulations were run from 1 September and 1 February for the short and long rains, respectively. The initial soil water conditions were taken to represent a soil at permanent wilting point in the top 0)2 m, with 85% depletion of available soil water below.
Water conservation scenarios
Although PARCH does not explicitly simulate runoff/runon, the effects of water conservation practices can be simulated by modifying the rainfall above a given threshold by a fixed percentage. Thus a negative percentage would reflect runoff losses whilst a positive percentage would reflect runon gains. Three water conservation scenarios were selected for evaluation. (i) Typical practice, with runoff: small rainfall events are unlikely to result in runoff, therefore a threshold was set, below which all rainfall was assumed to infiltrate. The threshold was set at 15 mm day\ (Marimi, 1978) , and the percentage of rainfall in excess of the threshold lost to runoff was set at 30%. (ii) Improved practice, with runoff control: water conservation practices, such as tied-ridging, can almost eliminate runoff, allowing all rainfall to be effective. Therefore, the second water conservation scenario assumed zero runoff. (iii) Improved practice, with runoff harvesting: runoff harvesting from external catchments effectively increases the precipitation from each rainfall event that is sufficiently intense to cause runoff. Again the threshold for runoff was set at 15 mm day\ and the percentage increase in 'rainfall' was set at 60%. PARCH does not allow either of these parameters to be altered dynamically in response to antecedent conditions.
Results
Climate
The graph of mean decadal rainfall totals shows the distinct bimodal rainy season experienced at Katumani (Fig. 2) . The period from June to October is dry but the distinction between the end of the short rains and the beginning of the long rains can be blurred by rain in February.
Although Katumani is only 1)583 S of the equator, there is marked seasonality dominated by the rainfall distribution. Minimum temperatures are fairly stable throughout the year but mean daily maximum temperatures vary from less than 233C in July and August up to almost 283C in February. The period from April to August is cooler, with smaller saturation deficit and lower solar radiation receipts (Fig. 3) .
Yields
The yields presented below were simulated using the PARCH model calibrated for Katumani Composite 'B' (KCB). As the response to water conservation could not be 
2 )1 2)3 3)0 2)5 validated, the actual yields are not as important as the relative differences between seasons and treatments. The predicted yields from KCB maize varied from less than 1 t ha\ in 'dry' long rainy seasons to over 6 t ha\ for maize grown in 'wet' short rainy seasons. However, there were no significant differences in yield between plant populations or between the long and the short rainy seasons since year-to-year variability was greater than treatment response (Table 3) .
When the yields for planting density and for season were pooled there were significant differences in yield between runoff treatments and the type of season (p(0)01). There were also significant interactions in the yield response to runoff treatments in wet, average and dry years (p(0)001). Thus in wet and dry years the yield increments or decrements resulting from runon and runoff were always less than 0)5 t ha\. By contrast, in average years the mean yield increment from the 60% runon treatment was about 1)4 t ha\ and the yield decrement due to 30% runoff was about 0)6 t ha\.
The interactions between years and seasons, and between years and plant densities can be explained by the predicted yield response to rainfall. PARCH calculates the effects of runoff and runon treatments as differences in rainfall but these are more accurately represented as the amount of water effectively infiltrating into the soil. Thus the same amount of rain falls but either more or less is able to infiltrate depending on the soil water conservation treatment imposed.
To investigate this effect further, simulations were run for three representative years with maize planted at 8)8 plants m\ with runoff or runon between 0 and 100% above the threshold value of 15 mm day\ (Fig. 4) . In wet years, yields were not affected by water harvesting, but declined slowly with increasing proportion of rainfall lost as runoff. In dry years, the yields were very low because of severe drought, often as a result of extremely irregular rainfall events. Reducing runoff or increasing runon in these circumstances had a large relative effect but, even with 100% runon, the actual yields were very low compared to those achieved in years with better rainfall. By contrast, in 'average' years, the responses to soil water conservation were large and occurred over a wide range of different treatments up to 50% runon.
Relating the yield to infiltrated rainfall, rather than a specific soil water conservation treatment, made the responses all fall on a sigmoidal curve with a virtually linear yield response of 24 kg (ha mm)\ between 150 mm and 380 mm cumulative seasonal infiltrated water (Fig. 5) . Below 150 mm there was insufficient water for the crop to survive, whilst above 380 mm there was no further increase in yield. 
Discussion
For the range of soil water conservation treatments considered in this study, the results show that there is not a universal benefit to be gained from soil water conservation measures and that the likelihood of achieving yield increases is uncertain, especially in the two wettest and two driest years in ten. In the wetter years, rainfall does not limit crop production, and even with 20}30% runoff, maximum yields can be achieved. In the drier years there is little rainfall to runoff or be harvested and water conservation cannot overcome the limitation of erratic rainfall. The results highlight the possible pitfalls of conducting a series of experiments in a run of wet or dry years and then extrapolating to produce recommendations for farmers which may be inappropriate under different rainfall conditions. For example, a run of dry years might show that water conservation measures were more effective than increased population density in increasing yields. The same experiment conducted in a series of wet years would conclude that there was no benefit to be gained from water conservation measures but that increasing the plant population density would bring significant gains in productivity.
The reality, as always, lies somewhere between these two extremes but, by using the model, an analysis of the probability of benefits accruing from interventions such as soil water conservation or from management strategies such as increasing the plant population density can be conducted and the risks and benefits associated with each course of action can be evaluated.
One of the charges commonly levelled against the use of models in farming systems research is that they 'do not simulate actual conditions in the farmers fields'. In other words, they are unable to reflect the levels of complexity involved where there are large numbers of limiting factors. The results presented in this case study relate to wellmanaged crops planted at high plant population densities and with no nutrient limitations. Any other limiting factors, such as poor soil nutrient status, will tend to reduce the yield below the levels reported here. However, the ability to separate out limiting factors is a benefit rather than a drawback of mechanistic models since greater insight can often be drawn from the results when investigating simple systems. This case study has shown how a mechanistic model, such as PARCH, can be used to investigate the likely effects of different treatments under a wide range of climatic scenarios, before a full-scale experiment is designed and implemented.
